GB virus C (GBV-C), also known as hepatitis G virus, is a recently discovered flavivirus-like RNA agent with unclear pathogenic implications. To investigate whether human peripheral blood mononuclear cells (PBMC) are susceptible to in vitro GBV-C infection, we have incubated PBMC from four healthy blood donors with a human GBV-C RNA-positive serum. By means of (i) strand-specific reverse transcription-PCR, cloning, and sequencing; (ii) sucrose ultracentrifugation and RNase sensitivity assays; (iii) fluorescent in situ hybridization; and (iv) Western blot analysis, it has been demonstrated that GBV-C is able to infect in vitro cells and replicate for as long as 30 days under the conditions developed in our cell culture system. The concentration of GBV-C RNA increased during the second and third weeks of culture. The titers of the genomic strand were 10 times higher than the titers of the antigenomic strand. In addition, the same predominant GBV-C sequence was found in all PBMC cultures and in the in vivo-GBV-C-infected PBMC isolated from the donor of the inoculum. GBV-C-specific fluorescent in situ hybridization signals were confined to the cytoplasm of cells at different times during the culture period. Finally, evidence obtained by sucrose ultracentrifugation, RNase sensitivity assays, and Western blot analysis of the culture supernatants suggests that viral particles are released from in vitro-GBV-C-infected PBMC. In conclusion, our study has demonstrated, for the first time, GBV-C replication in human lymphoid cells under experimental in vitro infection conditions.
A novel flavivirus-like agent, named GB virus C (GBV-C) and also hepatitis G virus (HGV), has been recently isolated by two independent groups (17, 18, 31, 32) . Due to their high degrees of nucleotide and amino acid sequence homology (86 and 96%, respectively), GBV-C and HGV are thought to be isolates of the same virus (36) . An association between GBV-C infection and acute posttransfusional hepatitis as well as fulminant hepatitis of non-A to non-E etiology has been shown by epidemiological studies based on PCR technology (2, 9, 12, 19, 40) . Furthermore, GBV-C infection is particularly prevalent in patients with chronic hepatitis C virus (HCV) infections (10 to 25%) (1, 3, 34, 38) . GBV-C is capable of inducing persistent infection in about 5 to 10% of GBV-C-infected individuals (13, 21) . GBV-C was found to infect chimpanzees, and the course of infection of the virus in this animal model mimicked that observed in humans, although these chimpanzees did not develop hepatitis (4) . Despite these data, a direct relationship between GBV-C infection and the establishment of chronic hepatitis has not yet been clearly demonstrated, and the association with fulminant hepatitis has not been corroborated by subsequent studies. The recent development of a serologic assay for the identification of antibodies to the putative envelope 2 (E2) protein of GBV-C (7, 26, 33) , a marker of past infection, has revealed differences in prevalence of anti-E2 in healthy individuals from different parts of the world, with the prevalence being relatively high in western Europe (10 to 16%) (24) .
The GBV-C genome organization was found to be organized similarly to that of HCV; it is a positive-sense, single-stranded RNA (9.4 kb in length) which contains a single open reading frame flanked by 5Ј and 3Ј noncoding (NC) regions, with the structural and nonstructural (NS) proteins being encoded in the 5Ј and 3Ј ends of the open reading frame, respectively (36) . By comparison of the GBV-C genomic sequence with those of other members of the Flaviviridae family, it has been determined that GBV-C encodes two putative envelope glycoproteins (E1 and E2) (14) as well as serine protease-RNA helicase (NS3) and RNA-dependent RNA polymerase (NS5) activities. It is noteworthy that a coding region for the putative core protein has not been confirmed to exist (27, 30, 39) .
As for HCV, although its replication mechanism is unknown, it is suspected that the antigenomic GBV-C RNA strand may be the replicative intermediate. Surprisingly, the investigation of GBV-C replicative sites has led to very contradictory findings. Thus, it has not been clearly established whether the liver is the primary replication site for GBV-C and whether extrahepatic tissues (such as hematopoietic cells) support the replication of this virus (15, 19, 23) . In vitro culture systems for GBV-C replication have not been extensively studied. In this regard, only MT-2C (a human T-cell leukemia virus type 1-infected human T-cell line) and PH5CH (a nonneoplastic human hepatocyte line immortalized with simian virus 40 large T antigen) cells have been found to support GBV-C replication (11) .
In this study, we have investigated whether GBV-C can infect and replicate in human cells of hematopoietic origin in vitro, and our results have demonstrated (i) the existence of active GBV-C replication and (ii) the release of viral particles from GBV-C-infected cells into the culture supernatant. cells/ml in RPMI supplemented with IL-2. The culture medium was changed weekly for a 1-month period. At each medium change time point, cells from each culture (four donors and the pool) were counted; aliquots of the cells and their corresponding supernatants were stored at Ϫ80°C, and the remaining cells were subcultured 1:4 with fresh cells from each of the donors and the cell pool. As a negative control, a pool of the same fresh PBMC from the four healthy blood donors used for the GBV-C in vitro infection experiments was incubated under the same conditions with human serum from a healthy individual (GBV-C RNA negative) and maintained as described above.
RNA extraction. Total RNA was extracted from 200 l of each culture supernatant and cell wash, as well as from cells, by using two phenol-acid guanidinium thiocyanate extraction steps followed by a chloroform-isoamyl alcohol (29:1) step and precipitation with 2-propanol (5). Total RNA extracted from cells was quantitated, and 1 g of PBMC-derived total RNA, or the entire quantity of supernatant-derived RNA, was used for cDNA synthesis.
Chemical modification of RNA. Chemical modification of the 3Ј end of the RNA was performed by periodate oxidation followed by reduction with NaBH 4 as described by Gunji et al. (10) . Briefly, following denaturation of the RNA samples at 95°C for 5 min, 200 l of 50 mM sodium acetate (pH 5.2) and 50 l of 20 mM NaIO 4 were added, and the mixtures were incubated at 30°C for 12 h. The reaction was stopped by the addition of 60 l of 10% ethylene glycol, and the RNA was precipitated with ethanol. The RNA was redissolved in 300 l of diethylpyrocarbonate-treated water and incubated with 100 l of 100 mM NaBH 4 , dissolved in 50 mM NaOH, on ice for 1 h. The reaction was stopped by addition of 20 l of ice-cold acetic acid; this was followed by ethanol precipitation of the RNA.
Amplification of genomic and antigenomic GBV-C RNA strands. Genomic and antigenomic GBV-C RNA strands were amplified by strand-specific reverse transcription (RT) and PCR, using primers from the 5Ј NC and NS3 regions of the GBV-C genome (Table 1) . To reduce RNA secondary structure and to maximize the stringency of the cDNA synthesis, each RNA sample was preheated to 70°C for 3 min. Subsequent cDNA synthesis was carried out for 60 min at 42°C in a 20-l reaction mixture containing 50 mM Tris-HCl (pH 8.3), 37.5 mM KCl, 3 mM MgCl 2 , 10 mM dithiothreitol, 0.5 mM each deoxynucleoside triphosphate, RNasin (40 U), 100 U of SuperScript II RNase H reverse transcriptase (GIBCO BRL, Life Technologies, Inc., Gaithersburg, Md.), and 50 pmol of the corresponding polarity primer (sense for the detection of antigenomic GBV-C RNA and antisense for the detection of genomic GBV-C RNA). Prior to the amplification of the cDNA by nested PCR, cDNA samples were heated to 95°C for 45 min and then treated with 100 g of RNase per ml. One-tenth of the cDNA was amplified for 30 cycles (94°C for 25 s, 50°C for 35 s, and 68°C for 2.5 min), followed by a final extension step at 68°C for 7 min, in a 50-l reaction mixture consisting of 20 mM Tris-HCl (pH 8.4), 50 mM KCl, 1.5 mM MgCl 2 , 1 mM each deoxynucleoside triphosphate, 50 pmol of each of the primers, and 1.5 U of Taq DNA polymerase (GIBCO BRL). Furthermore, the presence of the antigenomic GBV-C RNA strand was confirmed by performing cDNA synthesis at a high temperature with the thermostable enzyme Tth (Pharmacia Biotech, Uppsala, Sweden) as recently described by Laskus et al. (16) . The second PCR round was performed under the same conditions as described above, using 5 l of the product of the first PCR and the specific 5Ј NC internal primers. The expected PCR product was analyzed by agarose gel electrophoresis and Southern blot hybridization with a 32 P-labelled internal probe (Table 1) . Hybridization was performed at 45°C in 6ϫ SSC buffer (90 mM sodium citrate, 0.9 M NaCl 2 ; pH 7.0) containing 0.2% sodium dodecyl sulfate with 10 6 cpm of the 32 P-5Ј-end-labelled oligonucleotide probe. Synthetic GBV-C RNA templates. Synthetic genomic and antigenomic GBV-C RNA strands were generated from a vector, pCRII-TOPO (TOPO TA cloning kit; Invitrogen, Carlsbad, Calif.), containing the 5Ј NC region (nucleotides [nt] 1 to 592). The plasmid DNA template was linearized with HindIII or EcoRV and transcribed with T7 and SP6 RNA polymerases (Riboprobe Transcription Systems; Promega, Madison, Wis.), producing genomic and antigenomic GBV-C RNA strands, respectively. The absence of residual plasmid DNA was effected by DNase digestion for 30 min at 37°C. The absence of residual DNA was verified by inclusion of a control PCR without the RT step.
Specificity of detection of genomic and antigenomic GBV-C RNA strands. The specificity of the genomic and antigenomic GBV-C RNA amplifications was assayed as follows: (i) by synthesis of cDNA without adding reverse transcriptase, a Primers T1 and T2 were obtained by addition of primer T3 at the 5Ј position of primers A3 and A4, respectively. The expected size of PCR products obtained by using tagged primers were as follows: A1-T2, 336 bp; A2-T1, 351 bp; A3-T3, 340 bp; and A4-T3, 340 bp.
for exclusion of PCR product contamination; (ii) by genomic and antigenomic GBV-C RNA amplification without the specific primer during RT; (iii) by addition of total RNA only after heat inactivation (for 30 min at 95°C) of the RT and posterior cDNA synthesis and nested PCR steps; (iv) by RT-nested PCR using total RNA chemically modified at its 3Ј end as previously described (10); and (v) by amplification of genomic and antigenomic 5Ј NC regions of the GBV-C RNA, using tagged primers in the whole RT-PCR on unmodified and chemically modified total RNA.
Semiquantification of GBV-C RNA. Endpoint titers of GBV-C RNA were estimated by testing 10-fold dilutions of both GBV-C RNA strands from biological samples as well as synthetic GBV-C RNA templates. Titers were normalized according to the ␤-actin mRNA level determined on the same specimen, using RT-PCR with specific primers for ␤-actin mRNA (Table 1) .
Sucrose centrifugation. Culture supernatants (25 l each) were ultracentrifuged in 2.975 ml of 20% sucrose in a buffer containing 50 mM Tris-HCl (pH 8.0), 1 mM EDTA, and 150 mM NaCl at 50,000 rpm and 10°C for 24 h in an SW60 rotor (Beckman Co., Palo Alto, Calif.).
RNase sensitivity of the genomic and antigenomic GBV-C RNA strands. Twenty-five microliters of each culture supernatant was subjected to ultracentrifugation as described above. Pellets were suspended in 200 l of PBS and divided into two aliquots. One of these aliquots was subjected to treatment with 0.1% Nonidet P-40 (NP-40) (4 h, room temperature). Afterward, half of each aliquot was treated with RNase A (1 mg/ml; 37°C, 30 min). Finally, all pellets were extracted as described above and subjected to strand-specific RT-PCR.
Cloning and sequencing of genomic GBV-C RNA strands. The amplified products in the 5Ј NC region of the genomic GBV-C RNA strand, obtained from (i) cells of the individual donors and the cell pool at the end of the culture period (day 30), (ii) the inoculum used for experimental infection of PBMC from donors, and (iii) PBMC isolated from heparinized blood collected at the same time, and from the same patient, as the serum that was used as the inoculum, were studied. Cloning was performed in E. coli (TA cloning kit; Invitrogen, San Diego, Calif.), and the resultant nucleic acids were sequenced with the ALF-1 Express automatic sequencer (Amersham-Pharmacia). Sequences were aligned by using Clustal X software (36a) . Genetic distances between all sequences obtained were calculated by the Kimura two-parameters modification method, using the PHYLIP package (version 3.5c). Statistical analysis of mean genetic distances between groups of sequences was performed with Student's t test for comparison of means.
Western blot analysis of culture supernatants. Twenty-five microliters of each culture supernatant was ultracentrifuged in a sucrose gradient as described above. Pellets were suspended in 100 l of 50 mM Tris, pH 7.5, and the suspensions were aliquoted into three portions. One aliquot was left untreated; the other two aliquots were treated with 0.1% NP-40 for 3 h at room temperature. After detergent treatment, one of the two NP-40-treated aliquots was immediately frozen and the other was centrifugated again under the conditions described above. Subsequently, all samples were analyzed by polyacrylamide gel electrophoresis and Western blotting, using as primary antibodies (i) a 1:200 dilution in PBS-Tween 20 of a human serum with detectable circulating antibodies to the putative E2 protein of GBV-C (as detected with the Anti-HGenv Kit; Boehringer GmbH, Mannheim, Germany) and negative for the GBV-C RNA, (ii) a 1:200 dilution in PBS-Tween 20 of a human serum without detectable antibodies to the E2 protein of GBV-C and negative for the GBV-C RNA, and (iii) a dilution of a monoclonal antibody (MAb) produced against the E2 protein of GBV-C (27) (kindly provided by A. M. Engel, Roche Diagnostics, Penzberg, Germany) at a final concentration of 1 g/ml. As the secondary antibody, peroxidase-conjugated rabbit anti-human immunoglobulin G (IgG; Dako A/S, Glostrup, Denmark) was used in the first two cases and peroxidase-conjugated rabbit anti-mouse IgG (Dako A/S) was used in the third case. Finally, detection was performed with a chemiluminescent substrate (SuperSignal; Pierce, Rockford, Ill.). As a positive control in the Western blot analysis, 100 ng of a recombinant putative E2 protein of GBV-C (kindly provided by I. K. Mushahwar, Virus Discovery Group, Abbott Laboratories, North Chicago, Ill.) was included.
FIG. 1. Sensitivity and specificity of the RT-PCR assay for the detection of genomic and antigenomic GBV-C RNA strands. Synthetic GBV-C RNA transcripts (corresponding to the 5Ј NC region) of positive and negative polarity were generated by in vitro transcription, and 10-fold dilutions were performed in polyethylene glycol-and diethylpyrocarbonate-treated water. cDNA synthesis was performed in the presence of the sense primer, and afterward the reverse transcriptase was inactivated by heating the product at 95°C for 45 min (Moloney murine leukemia virus [MMLV] Super Script II) or chelation (Tth). The number of target template copies was determined from the optical density measurement and confirmed by electrophoresis in an agarose gel. Assays included amplification of 0 to 10 6 RNA copies per reaction. Subsequently, the products of the nested PCRs were analyzed by Southern hybridization with a 32 P-labelled probe. 
a S, culture supernatant; C, cultured cells. ϩ, specified RNA type detected; Ϫ, specified RNA type not detected.
FISH.
For fluorescent in situ hybridization (FISH), 10 6 mononuclear cells were centrifuged at 1,200 rpm in a Beckman F-2402 (model GS-15R) for 10 min, resuspended in freshly prepared 4% paraformaldehyde in PBS, and then fixed for 10 min at 4°C. After fixation, the cells were pipetted onto dehydrated slides (10 5 per slide). After air drying, the slides were washed three times in PBS and dehydrated through a graded series of ethanol dilutions (30 to 70%). The slides were stored in 70% ethanol at 4°C.
To obtain the probe, the complete 5Ј NC region of the GBV-C genome (cloned in the pCR II-TOPO vector [Invitrogen]) was excised from the plasmid by EcoRI digestion and the fragment was gel purified by using a Geneclean Kit (Bio 101, Vista, Calif.). The purified DNA was labelled with digoxigenin-11-dUTP (Boehringer) by using a nick translation kit (GIBCO BRL). After ethanol precipitation, the labelled probe was redissolved in hybridization mixture (50% deionized formamide, 10% dextran sulfate, 100 g of sonicated salmon sperm DNA per ml, and 250 g of tRNA per ml in 2ϫ SSC) to a final concentration of 100 ng per 20 l and stored at Ϫ20°C.
Prior to FISH, slides were dehydrated by successive incubations in 70, 90, and 100% ethanol and then rehydrated by being put through a series of ethanol dilutions. Afterward, the slides were rinsed in PBS and postfixed in freshly prepared 4% paraformaldehyde in PBS for 20 min at room temperature. Then the cells were digested with 1 g of proteinase K (GIBCO BRL) per ml in 20 mM Tris HCl (pH 7.4)-2 mM CaCl 2 at 37°C for 7 min. After the digestion, the slides were rinsed in PBS for 5 min, refixed in 4% paraformaldehyde for 5 min, dipped in distilled water, dehydrated through a series of ethanol dilutions (30 to 100%) at Ϫ20°C, and allowed to dry for at least 2 h.
The probe was denatured for 5 min at 90°C, quenched on ice, and then applied to the slides under coverslips sealed with a rubber solution. The hybridization was carried out at 50°C for 16 h in a humidified chamber.
After the hybridization, the slides were washed in 2ϫ SSC at 42°C for 15 min and the RNA on them was digested with RNase A (20 g/ml; Boehringer) for 30 min at 37°C. After being washed consecutively at 42°C in 2ϫ SSC, 0.5ϫ SSC, and then 0.1ϫ SSC (15 min each), the digoxigenin-labelled hybrids were detected with a fluorescein isothiocyanate conjugate (Boehringer). The signals were amplified with three antibodies (mouse antidigoxigenin, anti-mouse Ig-digoxigenin, and an antidigoxigenin-fluorescein isothiocyanate conjugate), using the Fluorescent Antibody Enhancer Set for DIG Detection Kit (Boehringer). The slides were counterstained with 4Ј,6-diamidino-2-phenyllindole (0.6 g/ml) (ONCOR; Appligene, Heidelberg, Germany).
The specificity of the hybridization signals was assessed by pretreatment of the slides with RNase A (20 g/ml) before hybridization and by hybridization with the pCR II-TOPO vector alone labelled with digoxigenin and omission of the probe in the hybridization mixture. Image visualization of in situ-hybridized PBMC was performed with a Nikon Elipse E400 microscope. Images were acquired with a charge-coupled device camera (model DIC-N; Ward Precision Instruments, Cambridge, United Kingdom). The capture of the fluorescent signals was performed with Visiolog 5.0 image analysis software (Noesis Vision, Inc., Quebec City, Quebec, Canada).
Nucleotide sequence accession numbers. The GenBank accession numbers for the sequences presented in this article are AF125468 through AF125505. 
RESULTS

Sensitivity
a ϩ, present in reaction mixture; Ϫ, absent from reaction mixture. b ϩ, product obtained; Ϫ, no product obtained.
positive and negative polarity was performed under specific conditions for each template. Synthetic viral RNA templates corresponding to the 5Ј NC genomic and antigenomic GBV-C strands were analyzed using 10-fold serial dilutions. Moloney murine leukemia virus Super Script II was able to detect 100 copies of the respective template per reaction. However, it also unspecifically detected 10 5 template copies of the plus strand. When Tth polymerase was used, the assay detected 100 template copies of the correct strand and unspecifically detected only 10 8 template copies of the plus strand (Fig. 1) . The sensitivity of the assay was not affected by the presence of cellular RNA, regardless of the GBV-C RNA strand tested (data not shown). Self-priming of RNA templates was never observed, even in the presence of cellular RNA. The absence of residual plasmid DNA was confirmed by the achievement of negative results in the PCR analysis when the RT step was omitted.
When RT was performed with chemically modified RNA, the presence of antigenomic GBV-C RNA was confirmed in the cells in which antigenomic RNA had been detected by using unmodified total RNA. No amplification was obtained when the RT step was omitted or when total RNA was added to the RT reaction after reverse transcriptase inactivation.
Furthermore, no antigenomic GBV-C RNA was detected when RT was performed without the corresponding primers. RT-PCR was also performed with tagged primers, using both modified and unmodified total RNA, and the sensitivity was comparable to that of conventional RT-PCR (data not shown).
Detection of genomic and antigenomic GBV-C RNA strands in cell cultures. The presence of genomic and antigenomic GBV-C RNA strands in supernatants and cells was investigated by amplification of the 5Ј NC region sequences at 4 h postinfection and at days 7, 14, 21, and 30 of culture in the five independent experiments (donors 1, 2, 3, and 4 and the cell pool). These results are shown in Table 2 . Amplification of the NS3 region gave identical results. After GBV-C inoculation, and prior to cell culture, the cells were washed five times, and the last two washes were negative for GBV-C RNA (data not shown).
Four hours after GBV-C inoculation, genomic GBV-C RNA strands were detected in all supernatants and cells. The genomic GBV-C RNA strands were continuously detected for up to 30 days in cells (Table 2) , and they were also detected in the supernatants of cell cultures. Intracellular antigenomic GBV-C RNA strands appeared after the 7th day of culture and   FIG. 3 . Alignment of the GBV-C/HGV 5Ј NC sequences (255 bp; nt Ϫ632 to Ϫ378, according to R10291 isolate numbering [18] ) amplified from in vitro-infected PBMC (D1, D2, D3, D4, and cell pool), in vivo-infected PBMC isolated from the patient whose serum was used as the inoculum, and the GBV-C/HGV-positive serum used as the inoculum. Sequence identity with the predominant sequence found in the in vitro-infected cells is indicated by dots, and insertions are indicated by dashes. Comparisons with HGV (R10291 [18] ) and GBV-C (U36380 [17] ) prototypes are shown. The pair of numbers on the left of each line, one before and one after the shill, indicates the number of clones analyzed and the percentages of each sequence within the spectrum obtained, respectively.
were detected both sporadically (donors 1 and 2) and continuously (donors 3 and 4 and the cell pool) during the culture period (Table 2) . Concerning the titration of intracellular GBV-C RNA, the level of the genomic GBV-C RNA strand increased during the 2nd or 3rd week of culture (donors 3 and 4 and the cell pool) and the antigenomic GBV-C RNA strand levels were always 1 log unit lower than those of the genomic strands (Fig. 2 ). Measurements were normalized by ␤-actin mRNA coamplification. In supernatants, antigenomic GBV-C RNA strands were sporadically detected at days 21 and 30 ( Table 2) .
Intracellular ␤-actin mRNA was always detected by single RT-PCR, showing that the lack of antigenomic-strand GBV-C RNA detection was not the result of cellular RNA degradation.
Since genomic GBV-C RNA strands, and in some cases also antigenomic strands, were detected in the supernatants of cell cultures, we attempted to investigate the nature of these GBV-C strands. After sucrose ultracentrifugation, the RNase sensitivities of the genomic and antigenomic strands were evaluated before and after removal of the viral envelope by NP-40 treatment (Table 3) . The results obtained showed that the antigenomic strand was sensitive to RNase after NP-40 treatment but the genomic strand remained detectable. These results suggest that the antigenomic strand detected in supernatants was not protected by a viral nucleocapsid.
Sequence analysis. The amplified 5Ј NC region products corresponding to genomic GBV-C RNA strands obtained from cells at the end of the culture period (day 30), as well as those corresponding to the inoculum used for experimental infection and to PBMC isolated from heparinized blood collected at the same time and from the same patient as the serum used as the inoculum, were cloned and sequenced. A fragment of 255 bp (from nt Ϫ632 to Ϫ378 with respect to the sequence of HGV isolate R10291 [18] ) was used for sequence comparisons, and a total of 61 clones were analyzed and compared with the prototype HGV (18) and GBV-C (17) strains. As shown in Fig. 3 , complexities for the in vitro-infected PBMC (individual donors and cell pool), the in vivo-infected PBMC from the patient whose serum was used as the inoculum and, the inoculum were similar (ranging from 0.57 to 0.80). A predominant sequence was found in all of the cases. However, the predominant sequences obtained for each individual donor and the cell pool, as well as for the in vivo-infected PBMC, were identical (representing between 30 and 57% of the total spectrum of sequences) and differed from the predominant sequence or any other sequence obtained from the inoculum (Fig. 3) .
In addition, a comparison of the mean genetic distances between all sequences obtained in each individual donor or the cell pool, those sequences obtained from in vivo-infected PBMC or the inoculum, and those of the HGV (18) and GBV-C (17) prototypes was performed. This type of statistical analysis showed that sequences from donors and the cell pool were more closely related to those from in vivo-infected PBMC than to those derived from the inoculum (P Ͻ 0.001 [Student's t test] in all five cases) ( Table 4 ) but also that they were more closely related to the sequences of the inoculum than to those of the GBV-C prototype (P Ͻ 0.001 in the five cases) ( Table 4) .
FISH. The FISH technique was applied to donor 4 and pooled cells inoculated with GBV-C-positive serum at days 7 and 30 of culture and to pooled cells inoculated with GBV-Cnegative serum (negative control) on the same days. Specific hybridization signals were detected in the cytoplasm of the GBV-C-inoculated donor 4 and pool cells (Fig. 4A and B) . No nuclear signals were observed. The specificity of the in situ hybridization was demonstrated by the lack of signal when the slides were hybridized with the unrelated plasmid (vector alone) and when the probe was omitted from the hybridization mixture. Furthermore, the positive signals were abolished by pre-FISH RNase treatment. No hybridization signal was observed either in cultured cells not subjected to proteinase K treatment prior to incubation with the probe (ruling out the possibility of viral particles adhering to the cell membrane) or in cells from the uninfected culture used as a negative control (Fig. 4C) .
Western blot analysis of culture supernatants. To investigate whether viral particles were present in the culture supernatants, pellets resulting from sucrose ultracentrifugation were analyzed by polyacrylamide gel electrophoresis and Western blotting before and after NP-40 treatment. In all cases tested, the use of the anti-E2 MAb, as well as the use of a dilution of a human serum with detectable anti-E2 antibodies, revealed the presence of this viral envelope protein in the culture supernatants (Fig. 5) ; no signal was observed when a dilution of an anti-E2-negative and GBV-C RNA-negative serum was used as the primary antibody in the Western blot analysis. Furthermore, NP-40-treated samples were ultracentrifuged again and analyzed. In those cases, neither the anti-E2 MAb nor the human serum with anti-E2 antibodies revealed the presence of the viral envelope protein in the resulting pellets (Fig. 5) . The size of the protein visualized before and after NP-40 treatment was consistent with the expected size for the putative E2 protein of GBV-C.
DISCUSSION
In this study, we investigated whether human PBMC support GBV-C replication after in vitro experimental infection. Under the conditions developed in our cell culture system, GBV-C persisted as long as 30 days in cells. We have studied the GBV-C replication status in cell cultures by four different methods: (i) strand-specific RT-PCR, (ii) sucrose ultracentrifugation and GBV-C RNA RNase sensitivity assays, (iii) FISH, and (iv) Western blot analysis.
As for HCV (29) , the detection of the antigenomic GBV-C RNA strand has been questioned recently due to a lack of strand specificity in RT-PCR assays, attributed to false priming of the incorrect strand, self-priming due to secondary structure, and random priming by cellular nucleic acids. In this study, we have developed a strand-specific RT-PCR which has been extensively studied by the use of conventional and tagged primers, as well as by chemical modification of RNA. Furthermore, the presence of the antigenomic GBV-C RNA strand was confirmed by performing cDNA synthesis at a high temperature with the thermostable enzyme Tth (16) . RT-PCR was performed without addition of primers during the RT step, and the lack of detection of the GBV-C RNA showed that nonspecific priming by cellular RNA or self-priming did not occur under these experimental conditions. Furthermore, the presence of the antigenomic GBV-C RNA strand was confirmed by performing cDNA synthesis at a high temperature to further ensure strand specificity and by its detection on total cellular RNA chemically modified at its 3Ј end to avoid cellular RNA priming. These experimental approaches confirmed the specific detection of the antigenomic GBV-C RNA strand.
Intracellular genomic GBV-C RNA strands were detected soon after infection and were present during the entire culture period, although there were differences among donors. However, intracellular antigenomic GBV-C RNA strands were detected both intermittently at the end of the 1st and 3rd weeks and continuously from the 1st or 2nd week postinfection until the end of the culture period. The intermittent detection of the antigenomic strand was also reported by Shimizu et al. (28) for experimental HCV infection in HPB-Ma cells and by Cribier et al. (6) for PBMC infected with HCV in vitro. It is noteworthy that the concentrations of GBV-C RNA increased during the 2nd or 3rd week of culture. Moreover, the levels of genomic The P values, obtained by using Student's t test, refer to the comparison of the mean genetic distances between each sample and the inoculum with those between the same sample and the in vivo PBMC or the GBV-C prototype. strands were 10 times higher than those of antigenomic strands. This ratio is similar to that reported for HCV (28) . Our finding that different donors' cells differed in their production of the virus and in the presence of the antigenomic strand has also been reported in the case of HCV (6) , and this may suggest the existence of specific host factors related to the different susceptibilities to GBV-C/HGV infection. By contrast, the sequence analysis of the amplified 5Ј NC genomic GBV-C RNA products in all samples (the cells experimentally infected in vitro at day 30, the inoculum, and PBMC isolated at the same time and from the same patient as the serum that was used as the inoculum) has demonstrated that (i) a predominant GBV-C sequence was found; (ii) this predominant GBV-C sequence was the same, irrespective of the culture (donor 1 to 4 or pool cells); (iii) this GBV-C variant was not found in the spectrum of sequences of the inoculum; and (iv) the predominant sequence obtained in the in vivo-infected PBMC isolated from the GBV-C-infected donor was the same GBV-C variant as that found after 30 days of culture in the in vitro experimentally infected PBMC. Taken together, these results suggest that in addition to specific host factors, the efficiency of experimental in vitro infection might also depend on the nature of the inoculum and the existence or lack of lymphotropic variants.
Genomic GBV-C RNA strands were found in all culture supernatants, while antigenomic strands were detected only in some cases. The RNase sensitivity of the antigenomic strand after NP-40 treatment of supernatants suggested that the antigenomic strand was present separately from the genomic strand and that it was not encapsidated. This observation had been previously reported for HCV (28) . In addition, comparison of the results obtained in the Western blot analyses of the pellets obtained after two successive ultracentrifugations and NP-40 treatment of culture supernatants with those obtained for the pellet resulting from the first ultracentrifugation, treated or not treated with NP-40, indicated that the protein visualized was not present in the pellet after NP-40 treatment and the second ultracentrifugation. These facts, together with the observation that the size of the protein visualized before and after NP-40 treatment was consistent with the expected size for the putative E2 protein of GBV-C, suggest that viral particles have been released from PBMC experimentally infected with GBV-C.
By performing FISH, we have also provided evidence for the presence of GBV-C RNA in cells. Interestingly, these signals were confined to the cytoplasmic compartment, and nuclear signals were not observed in any case. The proportion of positive cells ranged from 0.1 to 3.5%. The possibility that the fluorescent signals were caused by GBV-C attached to the cell membrane was also ruled out. Application of our FISH technique to PBMC directly recovered from GBV-C RNA-positive patients showed the same cytoplasmic pattern (unpublished data), suggesting that the intracellular localization of the GBV-C RNA in PBMC after in vitro experimental infection with GBV-C is similar to that observed in freshly recovered PBMC from GBV-C-infected patients.
An important issue of this study is that the inoculum used for the experimental infection of cells is itself a GBV-C RNApositive serum. Therefore, our results are not influenced by the presence of other, related viruses, such as HCV, that are usually found concomitantly in GBV-C-infected patients. To our knowledge, this is the first study with the goal of experimentally infecting human hematopoietic cells with GBV-C. As is the case with HCV, there is no a reliable in vitro culture system for GBV-C replication. Recently, Ikeda et al. (11) have found that a human T-cell line (MT-2C) and a hepatocyte cell line (PH5CH) support GBV-C infection, although their results are limited due to the nature of the serum inoculum used (a GBV-C RNA-positive serum coinfected with high levels of HCV RNA). Therefore, the possibility that HCV supports GBV-C replication in MT-2C and PH5CH cannot be excluded.
Several studies have reported that GBV-C is not hepatotropic (15, 22) , whereas other authors have recently demonstrated that GBV-C indeed replicates in the human liver (21) . The genomic GBV-C RNA strand has been detected in PBMC from a subset of HCV-and GBV-C-coinfected patients (20, 23) ; however, while the antigenomic GBV-C RNA strand has been detected in liver (16, 19) , spleen (16) , and bone marrow (16) samples, it has not been detected in PBMC from infected individuals, except in one case reported by Saito and coworkers (25) . Ellenrieder et al. (8) have recently demonstrated an increased prevalence of GBV-C (16.3%) in patients with lowgrade non-Hodgkin's lymphoma. This fact, together with the reported association of GBV-C with mixed cryoglobulinemia (35) , may be indicative of a relationship between GBV-C infection and lymphoid disorders.
In conclusion, our study has demonstrated, for the first time, GBV-C replication in human lymphoid cells after experimental in vitro infection. Extensive sequence analysis of this lymphotropic GBV-C genome(s), as well as further characterization of the cell subsets able to support GBV-C replication and the release of viral particles into the culture supernatants, needs to be performed in future investigations. 3) and 30 (lanes 4 to 6) , and 100 ng of a recombinant putative E2 protein of GBV-C (lane 7), were subjected to polyacrylamide gel electrophoresis and Western blot analysis, using as primary antibodies a MAb prepared against the E2 protein of GBV-C (27) , at a final concentration of 1 g/ml (A); a 1:200 dilution of a GBV-C RNA-negative human serum with detectable circulating antibodies to the putative E2 protein of GBV-C (B); and a 1:200 dilution of a GBV-C RNA-negative human serum without detectable antibodies to the E2 protein of GBV-C (C). Lanes: 1 and 4, pellets frozen immediately after ultracentrifugation; 2 and 5, pellets treated with 0.1% NP-40 for 3 h at room temperature and immediately frozen; 3 and 6, pellets treated with NP-40 and ultracentrifuged again.
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